Combined electron beam induced current and transmission electron microscopy ͑TEM͒ measurements have been performed on both undoped and Si-doped AlGaN epitaxial films with aluminum contents x ranging from xϭ0 to xϭ0.79, in order to correlate the electrical and structural properties of the films. The diffusion length of holes in the films ranges between 0.3 and 15.9 m, and the estimated lifetime of holes for doped samples varies between 0.2 ns and 16 s. Different effects contribute to the observed increase in the diffusion length with increasing aluminum content. Among others, dislocations seem to be active as nonradiative recombination sites, and phase separation and decomposition as observed by TEM in Al-rich alloys lead to the formation of a spatially indirect recombination path due to the piezoelectric field in the films. Potential fluctuations associated with these phase irregularities could also give rise to electron induced persistent conductivity contributing to the increase of the diffusion length. From our experimental observations, we conclude that the silicon dopants are partially activated in Al-rich alloys, and do not influence significantly the values of the diffusion length of holes in these samples.
I. INTRODUCTION
A lot of work is currently devoted to developing and improving devices based on Al x Ga 1Ϫx N alloys, such as transistors 1 or UV photodetectors. 2 The diffusion length of carriers is a material parameter that greatly influences the performance of electronic and opto-electronic devices. In the case of GaN, only few papers [3] [4] [5] [6] [7] report diffusion length data measured by different techniques, in the range from 0.1 to 3.4 m depending on the carrier concentration and crystal quality. Electron beam induced current ͑EBIC͒ in the scanning electron microscope ͑SEM͒ is an established technique to measure the diffusion length of minority carriers in semiconductors. 8 Besides, this method is able to provide spatial information, with typical resolutions of 1 m, about the distribution of radiative and nonradiative recombination centers that locally limit the diffusion length in the film. Usually, recombination of carriers occurs at structural defects like native point defects, impurities, and extended defects ͑e.g., dislocations, stacking faults͒. Another mechanism of relevance in doped films which limits the carrier diffusion is the scattering of carriers at ionized impurities. In addition, in the group III-nitrides internal piezoelectric fields 9 induced by residual strain in the layer or by structural defects may perturb the electron-hole recombination dynamics 10 and thus the value of the diffusion length. Recently, reported studies [11] [12] [13] [14] [15] are dealing with the phenomenon of persistent photoconductivity ͑PPC͒ in p-GaN, n-doped GaN, and Al x Ga 1Ϫx N/GaN heterostructures. Therefore, the structural features leading to PPC must be considered in the interpretation of the diffusion length measurements. In this work, we measure by EBIC the diffusion length of undoped and Si-doped Al x Ga 1Ϫx N alloys with an aluminum content ranging from xϭ0 to xϭ0.79. We correlate the electrical and structural properties by means of transmission electron microscopy ͑TEM͒. In order to interprete the changes in diffusion length with Al content, we discuss the influence of the formation of recombination centers ͑mainly related to the yellow band and donor-acceptor transitions͒, the observed phase separation ͑either compositional or structural͒ and other structural defects such as dislocations, as well as the possible formation of metastable DX centers as one possible origin of the PPC in these samples. There are no previous reports on the diffusion length of Al x Ga 1Ϫx N alloys with different Al content, and the influence of silicon doping on these films. 
II. EXPERIMENT
Two series of undoped and Si-doped Al x Ga 1Ϫx N layers were grown by plasma induced molecular-beam epitaxy ͑PIMBE͒ on c-plane oriented sapphire substrates. The substrate temperature was 800°C and the growth rate 10 nm/ min. In both series, the aluminum content x varied between 0 and 0.79 as determined by both x-ray spectroscopy and elastic recoil detection analysis. The doping conditions ͑Si cell temperature͒ were kept the same for all samples of the doped series. The film thickness is about 1 m as measured by TEM. The majority carrier concentration and the mobilities in the doped samples were determined by Hall measurements at room temperature. The electron concentration ranges between 6ϫ10 15 and 1ϫ10 19 cm Ϫ3 and the corresponding mobilities were in the range of 300-10 cm 2 /V s. The low carrier concentration present in Al-rich undoped samples does not allow Hall measurements to be carried out. The majority carrier concentration in undoped GaN is 3ϫ10 17 cm Ϫ3 and the electron mobility is 50 cm 2 /V s. The EBIC measurements have been done in a Jeol 6400 scanning electron microscope at room temperature. A proprietary computer program was used to obtain EBIC profiles using the planar metal configuration. 8 Pt Schottky and Ti ohmic contacts were evaporated on the surface of the AlGaN layers after cleaning the specimens in acetone and dipping them in HF. From the measurements using different accelerating voltages ͑5, 10, 15, 20, and 25 kV͒, the value of 20 kV was found to minimize the influence of carrier recombination at the free surface and at the AlGaN substrate interface on the measured diffusion length. The measurements have been carried out at a low injection regime and the direct determination of the diffusion length L has been made in the range in which the distance to the contact d is larger than 2L (d Ͼ2L). In this range, the fit to an exponential decay with the distance to the contact, d, of the EBIC current, l EBIC , is accurate:
where ␣ is assumed to be Ϫ1/2 corresponding to a surface recombination velocity v s ϭ0 3 . The omission of corrections to account for the film thickness leads to an underestimation of L. 16 Plane-view and cross-sectional samples have been analyzed by conventional as well as by high-resolution TEM using a Philips CM 300UT ͑point-to-point resolution of 0.165 nm͒. The samples were prepared by standard techniques, involving mechanical grinding and polishing followed by 3kV Ar ϩ ion-beam etching to electron transparency.
III. RESULTS AND DISCUSSION
The values of the diffusion length have been obtained as the negative inverse slope of the linear fit of ln(l EBIC /d 
where q is the electron charge, k is the Boltzmann constant, and T is the temperature. From the measured value of the diffusion length and using the Hall mobilities of electrons in Eq. ͑2͒, we are able to estimate a lower limit of the lifetime of minority carriers of the doped samples, assuming that in this material system the electron mobilities are always higher than the hole mobilities. The lifetime of minority carriers ͑holes͒ varies between 0.2 ns and 16 s for doped samples, as indicated in Table II .
In Fig. 1͑a͒ , the dependence of the diffusion length on the aluminum content in the alloys is shown for both undoped and doped samples. For doped samples, one can clearly observe an increase of the diffusion length of holes with increasing aluminum content. In the case of undoped samples, this trend is also observed, however, with some scatter. For doped samples, the diffusion length is larger than for the corresponding undoped samples, except for the Al 0.50 Ga 0.50 N alloy. In Fig. 1͑b͒ , the dependence of L in doped samples on majority carrier concentration is shown. The decay of the diffusion length with increasing carrier concentration in the doped samples is in agreement with the scattering of carriers by ionized impurities.
Hall measurements show that the concentration of free carriers ͑see Table II͒ 17 in the case of unintentionally doped Al x Ga 1Ϫx N. It has been suggested that the n-type conductivity exhibited by as-grown GaN should be related to N-substitutional oxygen impurities. 18, 19 A recent theoretical study about the stability of deep donor centers in GaN and AlN 20 concludes that oxygen is a shallow donor impurity in either cubic or wurtzite GaN, but a deep DX center in Al-rich Al x Ga 1Ϫx N alloys. In the same article, it is reported for Sidoped samples that the calculated values for the DX formation energies in GaN and AlN indicate that in hexagonal N. This would explain the observed reduction of the number of free carriers in our doped samples, since the doping becomes ineffective with increasing Al content. Based on the same effect, it can be explained why the diffusion length is of the same order of magnitude for both undoped and doped Al x Ga 1Ϫx N samples, contrary to what is expected. Therefore, the dependence of the diffusion length on the silicon doping seems to be negligible for Al-rich alloys ͑over 25% Al͒ in comparison to the influence of the structural defects that could enhance recombination processes, PPC, or trapping of carriers. Figure 2 shows EBIC images of undoped Al 0.27 Ga 0.73 N and doped GaN samples for illustration. The undoped sample shows a more homogeneous EBIC contrast that is slightly fluctuating ͓Fig. 2͑a͔͒, whereas an essentially spotty EBIC contrast consisting of bright spots of about 1 m diameter and less surrounded by dark regions appears for the doped sample ͓Fig. 2͑b͔͒. The bright areas in the EBIC images correspond to regions with a reduced density of recombination centers, while dark areas are related to regions with an enhanced density of such centers.
In order to correlate the EBIC results with the microstructure of the films, we have carried out TEM measurements on the same samples. The undoped Al 0.27 Ga 0.73 layer ͓Fig. 3͑a͔͒ shows a homogeneous distribution of threading dislocations. These dislocations exclusively have line directions along the c axis. While in both samples the type and density of dislocations are similar ͑dislocations with Burgers vectors bϭ͗0001͘, bϭ1/3͗11-20͘, and bϭ͗11-23͘, with a total density of 5ϫ10 9 cm Ϫ2 ), the main difference consists in the arrangement of dislocations. The homogeneous distribution of dislocations allows larger diffusion lengths for carriers moving through defect free areas. In Fig. 3͑b͒ , a TEM micrograph of the doped GaN layer in plane view is shown. Hexagonal shaped regions of about 500 nm in diameter and completely free of threading dislocations are surrounded by dislocation walls with an extremely high density of threading dislocations. These dislocations are bent. Besides dislocations, planar defects lying in the basal c plane are found. These defects are also located at the border of the hexagonal regions ͑marked with arrows͒. It is interesting to note that the typical size of the hexagons corresponds very well with the size of the bright spots of our EBIC maps and the measured diffusion length for this sample ͑0.4 m͒. We conclude that the dislocation region around the hexagonally shaped features limits the diffusion of carriers. These defect regions appear dark in the EBIC images, because of enhanced recombination at dislocations. The exact mechanism of this recombination is unclear. Since heteroepitaxial as well as single crystalline material up to now exhibits dislocation densities D in the range of 10 6 cm Ϫ2 ϽDϽ10 10 cm Ϫ2 , the effect of defects on the diffusion length are far from clear. tion active and diffusion lengths are in the range of the average dislocation distance, others assume the diffusion length of about 0.1 m to be an inherent property of the material that allows high dislocation densities without any significant reduction of the luminescence. Recent studies 21 carried out by Sugahara et al. combining TEM and CL show direct evidence for nonradiative recombination at dislocations in GaN samples. Similar behavior of dislocations is common for other semiconductor systems.
With increasing aluminum content in the samples phase separation ͑decomposition into AIN and GaN, separation into zinc blende and wurtzite phase͒ can be observed. TEM reveals compositional phase separation to occur in the range 0.16ϽxϽ0.50, as shown in the defocus series of Fig. 4 , while separation into cubic and wurtzite phase can be observed for xϾ0.50. A periodic superstructure with a periodicity of 1 nm can be clearly resolved for the Al 0.50 Ga 0.50 N sample. Changing the defocus of the microscope from Ϫ160 to 0 nm and finally to 180 nm exhibits a change in contrast from dark to bright stripes, going from underfocus to overfocus. At 0 defocus, the fringe pattern disappears completely. This clearly indicates a difference in inner potential due to a compositional fluctuation. In addition, cathodoluminescence reveals decomposition into pure AlN and GaN on a larger length scale. 22 An undoped sample with an Al concentration xϭ0.79 that exhibits a high density of cubic phase is shown in Fig.  4͑b͒ . From a quantitative analysis of corresponding HRTEM images, we obtain an amount of cubic phase in the range of 80% for the present sample. The wurtzite phase in this material is present exclusively in form of stacking faults incorporated into the host cubic lattice. In samples with Al content xϾ0.6, the cubic phase is dominant and governs the optical properties. The appearance of phase separation depends strongly on the specific deposition conditions and can be largely suppressed by growing at higher substrate temperatures.
The influence of the phase separation on the diffusion length of the films could be explained as follows. The cubic phase of AlGaN is characterized by a lower band gap than the wurtzite structure. Therefore, the minoritary cubic phase acts as quantum wells embedded in the wurtzite matrix, 23 as illustrated in Fig. 5 . Due to the piezoelectric field present in these films, 9,10 the electron and hole wavefunctions are spatially separated ͑Stark effect͒. This separation between electron and holes results in an increased lifetime of carriers. A similar scenario can occur in the case of the chemical phase separation observed in the Al 0.50 Ga 0.50 N layer. GaN has a lower band gap than AlN and is strained with respect to the average composition, i.e., GaN compressively, AlN tensile. Experimental evidence for this has been obtained in intentionaly grown AlGaN/GaN and InGaN/GaN quantum wells structures. 24 This spatially indirect recombination of electrons and holes could to a large part be responsible for the unexpected high value of the diffusion length in these films, and especially for the maximum of the diffusion length shown by the undoped Al 0.50 Ga 0.50 N layer. The estimated lifetime is of the order of s, which is several orders of magnitude above the reported lifetimes based on photoluminescence experiments. [25] [26] [27] In addition, radiative recombination connected with the yellow and donor-acceptor pair luminescence increases with doping, as measured by CL, 22 contributing also to the decrease of the diffusion length with increasing concentration of ionized dopants. The contribution of the observed defects acting as recombination centers is also relevant. Other results 12, 28 indicate also that the yellow luminescence is favored by Si doping, as well as other doping impurities which substitute the nitrogen site in the lattice. The origin of the yellow luminescence is not well understood and it has been related to nitrogen vacancy V N -X complexes 29 ͑X are doping impurities͒, or to nitrogen antisite N Ga , 12 and recently to Ga-vacancy complexes V Ga -X.
On the other hand, the formation of DX centers, responsible for the compensation of Si shallow donors in Al-rich alloys, could give rise to the phenomenon of PPC in these films. 20 By excitation with an electron beam of 20 kV, the same effect as detected by photoconductivity should be obtained in the presence of DX centers. The contribution of the carriers involved in this persistent electron induced conductivity process should also be detected in the EBIC measurements. An increase in the formation of DX centers with increasing aluminum content in the alloy would be in agreement with an increase of the average carrier lifetime in the film due to the persistent conductivity induced by the electron beam. Unfortunately, our experimental setup does not allow this kind of measurements to be carried out. However, photoconductivity measurements carried out on these samples 30 by Hirsch et al. show that with increasing aluminum mole fraction in the alloys the persistent photoconductivity increases by two orders of magnitude. Beside the formation of DX centers, other models have also been invoked to explain the origin for PPC in a variety of semiconductors. If carriers are spatially separated from traps by random potential fluctuations, their recapture rate at the traps can be reduced and give rise to PPC. 31 In the AlGaN system, these kind of potential fluctuations may be caused by phase separation and phase decomposition, as observed in the TEM micrographs.
IV. CONCLUSIONS
The diffusion length of minority carriers has been measured by EBIC in planar contact configuration for undoped and silicon doped AlGaN alloys. From our observations, we conclude that the silicon doping becomes increasingly ineffective for Al-rich alloys, and therefore does not influence significantly the values of the diffusion length of holes in the doped samples in comparison with the values measured for undoped samples. Different effects contribute to the observed increase in the diffusion length with increasing aluminum content:
͑i͒ Structural defects, as observed by TEM. Among others, dislocations seem to be active as nonradiative recombination sites limiting the diffusion length of holes in the films, especially when dislocations are arranged in the form of walls for low aluminum contents. Other relevant effects are phase separation and phase decomposition observed in Alrich alloys. The presence of these effects lead to spatially indirect recombination due to the piezoelectric field in the films, and therefore to an increase of the lifetime of carriers. Potential fluctuations associated with these phase fluctuations could also be the origin of an electron beam induced persistent conductivity, contributing also to the increase of the diffusion length with aluminum content in the alloys.
͑ii͒ Doping enhanced radiative recombination related to the yellow band as well as donor-acceptor pair recombination competes with the EBIC signal, contributing to the reduction of the diffusion length of minority carriers when increasing the carrier concentration in the sample. For the samples with higher carrier concentration ͑and lower aluminum content͒ the scattering of carriers by ionized impurities contributes also to the observed decrease of the diffusion length.
The estimated lifetime of holes for the Al-rich samples is of the order of s, which is several orders of magnitude above the reported lifetimes deduced from photoluminescence experiments. The increase in the lifetime by three orders of magnitude with increasing Al content is related to the existence of persistent conductivity in the samples with higher aluminum content.
